Introduction {#s1}
============

Aerobic exercise is known to activate the body\'s stress response, the hypothalamic-pituitary-adrenal (HPA) axis, and yet many people engage in sports like running because they perceive its effects as relaxing. Solving this apparent contradiction calls for a distinction between "good stress" and "bad stress," or physical and psychological stress respectively (for ease of discussion), which in turn requires a deeper analysis of the neural mechanisms underlying both stress and aerobic exercise. Whereas stress research traditionally takes frequent runners as models for understanding chronic stress (Duclos et al., [@B17]), clinical studies are discovering the potential for exercise to alleviate depression and anxiety (Marco et al., [@B40]). Both acute and chronic exercise may even lead to improved cognitive performance (see Hillman et al., [@B31]; Chang et al., [@B7], for a comprehensive review; Colzato et al., [@B12]), whereas psychological stress is known to impair cognitive functions (Colzato et al., [@B11]; see Lupien et al., [@B38], for a comprehensive review). In the present review article we provide a summary of the available studies and their main results on the neuromodular underpinnings of aerobic exercise to gain a better understanding of what makes exercise-induced stress different from stress due to negative life events. We will elaborate on how aerobic exercise influences cortisol, endocannabinoids (eCBs), brain-derived neurotrophic factor (BDNF), dopamine, and serotonin and discuss a number of interindividual factors that influence the effects. In doing so, we hope to inform future studies of important factors that should be considered when designing and analyzing experiments and training programs involving aerobic exercise, so that issues that are thus far unresolved may be studied in an effective way.

The neuroendocrine response {#s2}
===========================

The physical stress response starts with the hypothalamus secreting corticotrophin-releasing hormone, which travels straight to the anterior pituitary to induce adrenocorticotropic hormone release into the general circulation (Ranabir and Reetu, [@B48]). Once this reaches the adrenal cortex, cortisol is released into the bloodstream. This has inhibitory effects upon the hypothalamus and pituitary (Crosby and Bains, [@B14]) through medial prefrontal cortex (mPFC) receptors (Hill et al., [@B29]) and reduces stress-induced overexcitability of the amygdala (Gray et al., [@B24]). Completion of this circuit restores the homeostasis and is a sign of a healthy stress-response.

The psychological (bad) stress response is largely the same, but whereas physical (good) stress is accompanied by an increase in growth hormone, psychological stress rarely is (Ranabir and Reetu, [@B48]). Prolonged psychological stress may lead to major depression (Miller and O\'Callaghan, [@B43]), and in this population the salivary cortisol response to negative events is blunted, with men having a more blunted response than women (Peeters et al., [@B47]).

Running leads to elevated levels of cortisol lasting at least 2 h after exercising, as measured in healthy men (mean age = 41 years) from saliva and plasma (Duclos et al., [@B17]; Labsy et al., [@B36]). The aerobic exercise requires an intensity of at least 60% of VO2max (maximum capacity of oxygen uptake) to elicit a reliable cortisol response (Labsy et al., [@B36]).

The stress response adapts, indicated by the finding that following a rest day, cortisol levels of frequent endurance exercisers upon awakening are similar to those of the sedentary, both in urine and in saliva (Gouarné et al., [@B23]; Labsy et al., [@B36]). The inactivation of cortisol into cortisone increases proportionally to the amount of exercise (and so to cortisol increase, Gouarné et al., [@B23]). However, this is not the case for chronic psychological stress, which leads to an increased cortisol response upon awakening, without increased inactivation of cortisol (Wüst et al., [@B58],[@B59]). Hence, what makes physical stress different from psychological stress is the increased inactivation of the active steroid (cortisol) into the inert steroid (cortisone). This mechanism is crucial because it protects trained individuals against the deleterious effects of prolonged increased cortisol secretion (Gouarné et al., [@B23]), which include hypertension, hyperglycemia (Whitworth et al., [@B57]), major depressive episode and anorexia nervosa (Ehlert et al., [@B18]).

Endocannabinoids {#s3}
================

The positive mood after aerobic exercise, and running specifically, has traditionally been ascribed to endorphins. The first human evidence of increased central endorphin levels comes from a positron emission tomography study in which 10 athletes were scanned at rest and after 2 h of running. The level of euphoria (as indexed by subjective ratings) was significantly increased after running and was inversely correlated with opioid binding in frontolimbic brain areas (Boecker et al., [@B5]). However, debate surrounds the endorphin hypothesis (Kolata, [@B35]; Sparling et al., [@B51]) and it has been shown in mice that blocking eCB receptors, but not endorphin receptors, diminishes the anxiolytic and analgesic effects of running (Fuss et al., [@B22]). Additionally, there are indications that eCBs actually cause the release of endorphins in the hypothalamus (Bakkali-Kassemi et al., [@B4]). Researchers have thus recently turned their attention to eCBs (Sparling et al., [@B51]). eCBs are synthesized both centrally and peripherally, on-demand, by a post-synaptic stimulated neuron, and travel to the presynaptic neuron where they bind to the cannabinoid receptor type 1 (CB1R; Crosby and Bains, [@B14]). A single session of endurance training at 70--80% of the maximum heart rate capacity provides the optimal eCB increase (Raichlen et al., [@B49]), demonstrated in a four-day intervention in which healthy, regularly running men ran at varying degrees of intensity (50/70/80/90% of maximal capacity) in a randomized order. There is a high density of CB1Rs in the frontal cortex, amygdala, hippocampus, and the hypothalamus (Marco et al., [@B40]), areas crucial for emotional homeostasis.

One eCB has been implicated in psychological and physical stress: anandamide (AEA). AEA seems responsible for tonic responses (Gunduz-Cinar et al., [@B25]) and it increases slowly upon cortisol stimulation, and normalizes amygdalar hyperactivity (Ferreira-Vieira et al., [@B20]; Gray et al., [@B24]). These two processes are glucocorticoid-dependent and slowly normalize the stress response (±30 min) after physical exercise. AEA, a fatty chemical that easily crosses the blood--brain barrier, seems critical in supporting the beneficial effects of aerobic exercise on mood. Given that AEA concentration decreases upon psychological stress (Gunduz-Cinar et al., [@B25]) but increases after physical exercise (Heyman et al., [@B28]), AEA may be considered a key neurochemical in the clinical potential of exercise in alleviating depression and anxiety through its regulatory role in amygdala hyperactivity (Marco et al., [@B40]).

Whereas aerobic exercise leads to increased eCB levels and hippocampal CB1R density in rats (Hill et al., [@B30]), prolonged psychological stress leads to an increase in the enzyme that breaks anandamide down (fatty acid amide hydrolase; Reich et al., [@B50]). The divergence between the two effects may explain the differential moods following the two types of stress.

Brain-derived neurotrophic factor {#s4}
=================================

There is evidence suggesting that AEA increase during exercise might be one of the key elements in the exercise-induced increment in BDNF levels and that high AEA levels during recovery might postpone the return of BDNF to baseline (Heyman et al., [@B28]). BDNF exerts beneficial effects on cognition through its ability to enhance neurogenesis, synaptic plasticity and long-term potentiation, the basis of learning (Leckie et al., [@B37]). Interestingly, BDNF increase after physical exercise is positively correlated with cognitive performance (age range = 19--28 years, Tsai et al., [@B55]) and AEA increase in the brain seems to be the mediator for the cognitive benefits exerted by BDNF. Specifically, blocking the CB1Rs in rat brains has been shown to diminish the BDNF increase following exercise (Ferreira-Vieira et al., [@B20]), demonstrating the a link between AEA binding and BDNF increase.

Both acute and chronic psychological stress have been shown to reduce BDNF levels in rats, though less robustly upon chronic stress (Murakami et al., [@B44]). Decreased serum BDNF levels have been reported in mood disorders and by people under great psychological stress (Martinowich and Lu, [@B41]).

The BDNF increase may differ across exercise regimen as well as gender. A recent review (Huang et al., [@B33]) concludes that a single session of aerobic exercise (running or cycling, ranging from 20 to 90 min of 40--75% of maximal power output or 40--60% of VO2max or 75% of maximal heart rate) increases BDNF levels and that frequent aerobic training (running, or walking for elderly populations, cycling, ranging from 45 min three times a week for 12 weeks, to 60 min five times a week for 6 months, and a range of 60--90% of VO2max, 50--75% of heart rate reserve) magnifies this increase. Interestingly, in a meta-analysis of aerobic exercise (running, cycling rowing, swimming at ranges from 60 to 95% VO2max) and BDNF with similar results, studies with a greater proportion of females had lower effect sizes (Szuhany et al., [@B53]), suggesting a less robust BDNF increase for women. We speculate that this may due to the fact that the HPA axis interacts with hormonal changes across the menstrual cycle and that increases in progesterone levels increment AEA breakdown (Maccarrone et al., [@B39]). Consistent with this idea, when training at 70% of VO2max, adrenocorticotropic hormone, vasopressin and glucose are significantly more increased during the mid-luteal phase compared with the follicular phase in healthy women (Altemus et al., [@B2]). Moreover, higher adrenocorticotropic hormone and glucose levels suggest that cortisol levels might be higher in the mid-luteal phase in response to exercise (Altemus et al., [@B2]). Accordingly, given the link between sexual hormones and cognitive functions (Colzato et al., [@B8]; Colzato and Hommel, [@B9]), we hypothesize that aerobic exercise might affect females\' mood and cognition differently in the follicular phase (low progesterone levels) than in the mid-luteal phase (high progesterone levels). Specifically, during the luteal phase the exercise-induced increase in AEA will rapidly break down, which in turn will decrease the amount of BDNF released. A prediction from this assumption would be that engagement in aerobic exercise during the luteal phase will deteriorate cognitive benefits compared to the follicular phase.

In contrast to psychological stress, which is known to impair cognitive functions across the lifespan (Lupien et al., [@B38]), a seminal recent study has shown that in a healthy elderly population (55--80 years old), moderate intensity walking (60% VO2max, 40 min, 52 weeks) increased serum BDNF levels. This increment translated to a constant (not improved) task switching performance, whereas their sedentary peers\' performance declined (Leckie et al., [@B37]). Remarkably, exercise not only serves to improve cognitive function, but it also might help keep it intact in a population undergoing a decrease in BDNF (Tapia-Arancibia et al., [@B54]).

Interestingly, the Val66Met BDNF gene that plays a role in sensitivity to anxiety and cortisol stress response (Colzato et al., [@B13]) as well as baseline BDNF levels, is also implicated in motivation to exercise (Hooper et al., [@B32]). Specifically, people with at least one Met allele on the Val66Met BDNF gene have lower BDNF expression, smaller hippocampal volume and relatively low performance on memory tasks. These same people (mean age studied = 23 years) appear to have a more positive mood response to acute, moderate intensity exercise (Hooper et al., [@B32]). This result is particularly interesting in suggesting that exercise may compensate for unfavorable genetic predispositions by reducing individual differences in memory functions. Furthermore, whereas Val homozygotes show a constant level of intrinsic motivation to exercise, people with at least one Met allele showed an increase of intrinsic motivation after an endurance training session (Hooper et al., [@B32]). In addition, they were more likely to continue exercising when they were told they could stop if they wanted. This points to an inverted u-shaped function where people with low baseline levels of BDNF seem to benefit relatively more from exercise as it pushes their BDNF levels up in the direction of the optimum. Based on this idea, we suggest that the efficiency of aerobic training programs and the beneficial effect on cognition might be modulated by interindividual differences, including pre-existing neuro-developmental factors and genetic differences. Consequently, training programs that are tailored to individual abilities, skills, and needs might be more likely to succeed.

So whereas psychological stress decreases BDNF levels, aerobic exercise leads to an increment which is modulated by gender, genes and age. This aids in explaining divergent memory and neuroplasticity effects following the two types of stress.

Neurotransmitters: serotonin and dopamine {#s5}
=========================================

Muscle activity requires uptake of branched-chain amino acids. These are normally in competition with tryptophan, the precursor of serotonin, to be carried across the blood--brain barrier. By reducing the amount of competitive amino acids through muscle uptake, aerobic exercise increases tryptophan\'s chances of crossing the blood--brain barrier, and so has the potential to increase serotonin in the brain (Patrick and Ames, [@B46]). Serotonin is an important neurotransmitter for emotional processing (Harmer, [@B27]) and serves memory functions in the hippocampus (Haider et al., [@B26]).

The changes in brain serotonin metabolism are time-course dependent and differ between brain regions. The striatum, hippocampus and mid-brain of rodents show an elevation of serotonin and serotonin turnover following acute exercise (Dey et al., [@B16]; Meeusen and De Meirleir, [@B42]). Additionally, frequent exercise (30 min of swimming daily, 4 weeks) increased serotonin synthesis and metabolism in the cerebral cortex and brain stem (Dey et al., [@B16]; Meeusen and De Meirleir, [@B42]), but decreased serotonin levels in the hippocampus directly after training (Dey et al., [@B16]). The cortical changes lasted at least a week after discontinuing exercise, whereas serotonin activity in the brainstem is diminished by that time (Dey et al., [@B16]). The hypothalamus shows decreased serotonin metabolism one day after training, increasing again after a week\'s rest (Dey et al., [@B16]). As serotonin induces release of corticotrophin-releasing hormone (Dey et al., [@B16]), this decrease may serve to reduce the stress response during prolonged exercise.

Upon chronic and acute psychological (bad) stress, tryptophan hydroxylase levels have been shown to be upregulated in rat brains, enabling increased serotonin synthesis (Murakami et al., [@B44]). This supports earlier findings that chronic stress leads to higher serotonin levels in the hippocampus, hypothalamus, frontal cortex and striatum, though the latter two may only show upregulation in males (Adell et al., [@B1]). This is likely a consequence of decreased serotonin transporter levels in the raphe nuclei following both acute and prolonged stress (Martinowich and Lu, [@B41]). The serotonin transporter is responsible for transporting serotonin from the synaptic cleft to the presynaptic neuron, terminating its stimulation. There is research linking serotonin receptors to the BDNF decrease seen after prolonged stress. Specifically, activation of the 5-HT2a serotonin receptor decreased hippocampal BDNF levels in rats (Vaidya et al., [@B56]). So increased serotonin levels following prolonged bad stress may be responsible for the BDNF decrease associated with depression.

With regard to dopamine, which is important in working memory, mental flexibility and early stages of motor control (Nieoullon, [@B45]), there appears to be a divergent pattern of the effect of psychological stress for males and females. Frontal cortex dopamine levels have been found to be increased in female, but decreased in male rats following stress (Bowman et al., [@B6]). Accordingly, female rats demonstrated improved performance on memory tasks, whereas male rats demonstrated an impairment. By contrast, physical stress has been shown to lead to an eCB-induced dopamine boost from the nucleus accumbens (young, well-trained cyclists: Fattore et al., [@B19]; Heyman et al., [@B28]). In addition, aerobic exercise has been shown to increase dopamine levels in the striatum, hypothalamus, midbrain, and brainstem in various animal studies (Foley and Fleshner, [@B21]), further supporting the beneficial effects of exercise on memory and mood.

Increases in serotonin and dopamine seem to modulate fatigue upon prolonged exercise. Exhaustion appears to set in when dopamine levels start to drop while serotonin levels are still elevated (Meeusen and De Meirleir, [@B42]). The serotonin agonist quipazine dimaleate (acting on the 5-HT3 receptor) appears to shorten time to exhaustion and withholds the exercise-induced dopamine boost normally occurring after around 1 h of running in tested animals. The serotonin receptor antagonist LY53857 can increase time to exhaustion and prevents the dopamine decrease (Meeusen and De Meirleir, [@B42]). This fact may explain why runners usually take food supplements based on tyrosine, the precursor of dopamine, during endurance training, given that it could prevent the decrease of dopamine. Not surprisingly, several studies have shown that the intake of tyrosine may compensate cognitive decline associated with cognitive challenges (Colzato et al., [@B10]; Steenbergen et al., [@B52]) and stress (Deijen and Orbleke, [@B15]).

Again, a divergent pattern following the two types of stress is evident. Psychological stress increases serotonin synthesis, possibly to the point of depletion, whereas dopamine undergoes gender-specific changes. By contrast, aerobic exercise increases dopamine in both genders, lowers baseline serotonin levels in the nigrostriatal tract and down-regulates certain receptor subtypes.

Conclusion {#s6}
==========

All in all, it seems that what makes exercise-induced stress different from stress due to negative life events is that, in contrast to psychological (bad) stress, physical (good) stress is associated with increased inactivation of cortisol (active steroid) into cortisone (inert steroid), increased level of AEA, BDNF, and serotonin. In particular, it seems that aerobic exercise modulates hormone, neurotrophin and neurotransmitter levels depending on factors such as genes, age and hormonal status. Accordingly, future studies need to consider individual differences more systematically. Indeed, if aerobic exercise really affects neuroplasticity, it is possible that the effect of aerobic exercise on performance depends on the pre-experimental performance level of the individual. Addressing this issue will require (more) longitudinal studies. For any future research, a standardized hormone sampling procedure (response upon awakening, Wüst et al., [@B59]; but also before and after exercise, Kanaley et al., [@B34]) and exercise protocol (70--80% of maximum capacity based on age-adjusted maximum heart rate for eCB research, Raichlen et al., [@B49]; minimum of 60% of maximal heart rate for cortisol research, Labsy et al., [@B36]) would be advised for ease of comparison between studies. Importantly, aerobic exercise programs should include optimal periodization and prevent overtraining (Angeli et al., [@B3]). Moreover, since efficacy of aerobic exercise may depend on various factors, among which is genetic variability related to BDNF, we suggest taking into account such inter-individual variability and tailoring exercise to individual needs will be crucial for developing successful endurance programs in the future.
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